Underground tunnels with circular cross section nowadays have great application in the field of transportation. One of their most prominent uses is the subway, built with the help of tunnel boring machines (TBMs). e design of ground-surface structures in the far field is related to the horizontal component of the peak ground of acceleration. erefore, in this study, we tried to change the frequency of the soil-tunnel system by changing the overburden depth, diameter, and lining thickness of the tunnel, as well as changes in the soil specification, and calculate the maximum acceleration of the ground's surface in the presence of the tunnel. e relationship between the peak horizontal acceleration of the ground surface and the frequency of the soil-tunnel system will result in the production of a horizontal acceleration spectrum. e results show that the amplification of ground surface depends on the period of the soil-tunnel system, the characteristics of the model, and the status of the point studied at the ground surface relative to the tunnel. On the projection of the center of the tunnel on the surface of the ground, the presence of the tunnel, rarely, at a long period, is effective in amplifying the spectral acceleration. While moving away from the image of the center of the tunnel on the surface of the ground, the presence of the tunnel in many cases, in long periods, amplifies spectral acceleration. e presence of the tunnel amplifies the spectral acceleration on the ground surface above 11%, while the presence of a tunnel reduces the spectral acceleration on the ground surface by up to 15% (attenuation). Using Plaxis 2D and Ansys finite element software, the case study was conducted on a Delhi subway tunnel with horizontal components of acceleration records similar to the construction site.
Introduction
e rapid growth of urban populations and the lack of space on the ground have led to an increase in underground structures. One of the most widely used underground structures is subway tunnels, which are excavated with TBM. e effectiveness of this type of structure under earthquake has been considered by numerous researchers in numerical and experimental methods [1] [2] [3] [4] . In underground subway tunnels, the interaction of soil and structure, especially for tunnels that are excavated in soil deposits, is considered. e effect of underground structures on the ground surface's seismic responses has been studied by researchers, and it has been concluded that the presence of underground structures is effective in seismic responses of the ground's surface [5] [6] [7] [8] .
Maximum ground surface acceleration is one of the important parameters in the design of ground structures, especially in the far field, which can be subjected to underground structures. However, the effect of these underground structures has not been included in the codes for the ground surface structural design. Different analytical solutions examine the effects of underground cavities on ground-generated motion by using P, S, and Rayleigh seismic waves [9] [10] [11] [12] [13] [14] . But in these methods, simplified assumptions such as the elasticity of the medium are used and the effects of nonlinearity of the soil are not considered. Yiouta-Mitra et al. [5] studied the effect of soil medium characteristics, tunnel diameter, overburden depth, relative flexibility of the lining of the tunnel, and frequency of excitation on ground surface acceleration. e results indicate the impact of underground structures on the acceleration of ground surface. Sun and Wang [15] examined the difference in ground surface acceleration in free-field conditions and the presence of underground structures. e results show the high impact of underground structures on PGA and response spectrum. Baziar et al. [6] examined the effect of rectangular tunnels on the acceleration of the ground's surface by using the centrifugation model and numerical solutions. It was concluded that the presence of the tunnel causes an attenuation of acceleration in short periods and amplifies ground surface's acceleration for long periods. Raghavendra et al. [16] analyzed the underground metro tunnels. eir study high lights the elastic and elastoplastic analysis of the twin tunnel system subjected to gravity and hydrostatic pressure conditions combined with blast-induced pressures.
Marshall and Haji [17] studied the relationship tunnelpile interaction. eir study illustrated the importance of considering the specific geometry of each case due to the sensitivity of results to the depth of the pile and tunnel. Sevim [18] studied 3D earthquake response of the Arhavi Highway Tunnel considering soil-structure interaction. is study describes earthquake response of the Arhavi Highway Tunnel and its geometrical properties, the 3D finite element model, and the linear time-history analyses under a huge ground motion considering soil-structure interaction. e results obtained from the 3D finite element model are presented. In addition, the displacement and stress results are observed to be the allowable level of the concrete material during the earthquakes. Zheng et al. [19] studied the traditional Lagrangian finite element and Eulerian finite element methods for stability analysis of circular tunnels in undrained clay.
In most of the studies cited above, monolayer soils were used, but there are urban subway tunnels excavated in multilayer soil. For example, we can mention the tunnel of the Delhi subway. In this study, the effect of the presence of a circular tunnel on the ground surface acceleration was investigated. Eleven acceleration records from known major earthquakes, 36 models incorporating the presence of a tunnel, and seven models without a tunnel were used. A total of about 500 nonlinear dynamic analyses were performed. e analyses were carried out for multilayer soil with regard to the nonlinear effects of soil and the interaction of soil and structure.
Generally, during the design process, two levels of ground motion are commonly considered: service-level ground motion and the maximum considered earthquake (MCE). However, response-spectrum analysis is sufficient to evaluate a structure for the service-level motion during which the structure is expected to remain elastic, and dynamic time-history analysis is usually recommended or required to capture the nonlinear behavior of a structure subjected to MCE motion [20] . e standard shape of the response spectrum was the uniform hazard response spectrum in IBC [21] and NEHRP [22] provisions. Predictive models that provide the spectral ordinates of ground motion required for response-spectrum analysis include the recently developed and commonly used NGA ground motion prediction equations by [23] [24] [25] [26] [27] .
Numerical Modeling
Two-dimensional plane strain dynamic finite element (FE) analysis was performed for a subway tunnel with a rectangular domain. e dimensions of the model in PLAXIS 2D [28] were 60 × 140 m. Fifteen nodal triangular elements were considered for the soil mass, and the tunnel lining with a plate element was linearly modeled. In Ansys [29] , modal analysis using similar dimensions was carried out in Plaxis 2D. e Drucker-Prager model was used for nonlinear soil properties and frequency-independent damping. Regarding the previous studies which have been conducted, the behavioral model used for soil in Plaxis is Moher-Coulomb [6] [7] [8] [30] [31] [32] .
Soil Properties.
e Delhi subway has been excavated in soil deposits. Modifications to the soil elasticity modulus with depth are summarized in Table 1 . Unit weight and saturated unit weight of soil are 18 and 20 kN/m 3 , respectively. No water table is present, and the cohesion (c) of the soil is zero. e friction angle (φ) and angle of dilation (ψ) are 35°and 5°, respectively. Poisson's ratio of the soil was 0.25. To consider the interaction between the tunnel and its surrounding soil, R inter was used in Plaxis 2D.
is parameter is related to the soil strength to the interface strength which is represented by the following equation:
Hence, using the entered R inter -value gives a reduced interface friction angle and interface cohesion compared to the friction angle and the cohesion in the adjacent soil. In other words, the R inter size must be less than one. According to the soil properties, the value of R inter in this study was 0.67.
Tunnel Properties.
Similar to previous studies, the behavior of the tunnel lining was considered to be elastic. e diameter of the tunnel in the original model (Delhi subway) is 6.26 meters, and the overburden depth is 16.87 meters. e thickness of the tunnel lining is 0.28 m, and the reinforced concrete with the modulus of elasticity (E c ) is equal to 3.16 × 10 7 kPa and the Poisson ratio (υ) is equal to 0.15.
Damping.
A common parameter used in damping is the damping ratio (ξ). In the FE method, Rayleigh's damping is one of the appropriate measurements which bears the damping effects in the stiffness matrix and system mass. In plain strain models such as tunnels in two-dimensional models and applying earthquake, Rayleigh damping seems necessary to obtain results that are consistent with reality, and the general form is given as follows:
where M and K are the mass and stiffness matrices, respectively, and α and β are the Rayleigh damping coefficients. Rayleigh alpha is a parameter that determines the mass effect on the system's damping. Rayleigh beta is a 2 Shock and Vibration parameter that determines the effect of stiffness on the system damping. ese coefficients are determined by the following equation:
In equation (3), ξ is the damping ratio and ω n and ω m are the natural frequencies of the set in rad/sec, respectively, for the modes shape of n and m. In the present study, m and n were considered as 1 and 2, respectively. Using the Ansys software, the modes shape and frequency of the soil-tunnel system were calculated. Assuming a damping of 5%, Rayleigh's α and β coefficients were obtained and used in Plaxis.
Models under Study.
To create the frequency and mode shapes for the study, various models for soil and tunnel specification were considered. For the soil, models including the actual model of the Delhi subway and 1.25 and 1.5 times the modulus of elasticity, also 1.75 and 2 times the elasticity modulus, and finally 2.25 and 2.5 times the modulus of elasticity of the main soil model of the Delhi subway were used. Also, the tunnel with diameters, lining thicknesses, and different overburden depths is considered, which are summarized in Table 2 .
Earthquake Loading.
Eleven different acceleration records have been applied to the models. e acceleration records were selected from the PEER [33] website. e acceleration record characteristics are summarized in Table 3 . PGA of all acceleration records has been scaled to 0.35 g (PGA for very high-risk areas under the regulation of 2800 Iran [34] is 0.35 g).
is process is done with Seis-moSignal software. Considering that the soil excavated in the Delhi subway tunnel is a soil deposit with a shear wave velocity of less than 175 m/sec, therefore, the selected acceleration records, as shown in Table 3 , are in the soil with a shear wave velocity (Vs) of less than 175 m/s. Also, the predominant period of acceleration records was calculated with SeismoSignal software, and along with the PGV value and the duration of earthquakes and their PGA, they are presented in Table 4 before being scaled up. e mentioned parameters are effective in the shape and amount of the acceleration spectrum.
Boundary Conditions.
e model has 140 m width and 60 m depth which is created for free-field and tunnel interaction analysis. e distance of the vertical model boundaries from each other was selected so that the refraction and reflection of the seismic waves can be avoided to the model, and the model has free-field conditions. Besharat et al. and Singh et al. [8, 32] considered a tunnel diameter that is five times larger (5D) than each side as an appropriate dimension to reach free-field conditions. For static analysis, the nodes were restrained in the x direction along the vertical boundaries of the FE mesh, but they were free to move in the y direction. In the bottom boundaries, the nodes were restrained in both the x and y directions. Two boundary conditions were examined for dynamic analysis in a numerical model: Which includes the absorbing boundary and the free-field boundary. e former was used for the model base and the latter for the free field for the model sides. e absorbing boundaries which are at the bottom prevented the wave reflection into the model, and the free-field boundaries Shock and Vibration 3 were used to create free-field conditions at the lateral boundaries of the model (Figure 1 ). For dynamic analysis, the viscous adsorbent boundaries which were proposed by [35] were used to change the displacement conditions in both directions for vertical boundaries.
2.7.
Meshing. Kuhlemeyer and Lysmer [36] showed that for a precise representation of wave transfer of a model, the element size (ΔL) should be one tenth to one eighth of the wavelength associated with the highest component of the input wave frequency. at is,
where λ is the wavelength for the wave propagated in the model. λ is related to the soil shear wave velocity (V s ) and the highest input wave frequency (f Max ) according to the following equation:
By replacing equation (4) with equation (5), the following equation is obtained:
Considering the least soil shear wave velocity for all models and also the maximum input wave frequency for eleven earthquake records applied, the element size was considered as one meter. To achieve more precision, the mesh was refined around the tunnel.
Stages to Analysis.
Modal analysis was performed to calculate the mode shape and the vibration frequencies of the soil-tunnel systems. To analyze the nonlinear time history for calculating acceleration, the following three phases were considered:
(i) Plastic analysis and staged construction. In this step, the lining of the tunnel was activated and the soil inside the tunnel was deactivated. (ii) Stress created on the ground caused the tunnel lining to contract, which deformed the lining and changed its volume. In the second phase, the amount of reduced volume is simulated by applying the contraction to the tunnel lining. is contraction will be defined in the phase of in-stage construction calculation, and the contraction of 2% will be applied to the tunnel center. (iii) In the third phase, dynamic time-history analysis was carried out and the earthquake record was applied to the model once the plastic analyses were complete.
In Plaxis, for numerical time integral calculations, the implicit Newmark design is used. e appropriate time of the step length proposed by Newmark is one-fifth to one-sixth of the smallest amount of the system period (Tn). In Plaxis, the time step used in dynamic calculations is constant and equal to δt Δt/m · n, such that ∆t is the time of dynamic loading, n is the number of additional steps, and m is the number of alternative stages. e number of additional steps in this study was 250. In the Newmark method, the optimal parameters selected are β 0.3025 and c 0.6, which was used in Plaxis. 
Review of Modal Analysis Results
Dobry et al. [38] proposed a predominant natural period for soil deposits as T 4h/c s , where h is the thickness of the alluvial layer and C s is the shear wave velocity. However, this equation and a similar equation for single-layer soils are accurate and do not have the proper accuracy for multilayer soils (similar to those in the present study). erefore, using Ansys software, the values of the frequency and the main period of the vibration of the model, as well as the modes shape for all the models mentioned in Table 2 were done. e frequencies and vibration modes of the rst and second for model 4 of Table 2 are shown in Figure 4 . en, using equation (3), the α-and β-Rayleigh values were calculated and used in Plaxis software as one of the input data. From the modal analysis, it was determined that the frequency of the soil-tunnel system is more dependent on the modulus of soil elasticity. e variation in the depth of the tunnel placement and the diameter and thickness of the tunnel lining are very di erent from those of the soil elastic modulus. Table 5 gives the results of modal analysis, including the frequencies of the rst and second modes and Rayleigh α and β for all models in Table 2 . e ordering of the numbering of the models in Table 5 is similar to Table 2 . By increasing the modulus of soil elasticity in the models, Rayleigh's alpha value is increased and Rayleigh's beta value decreases.
Time-History Analysis
In this section, the sensitivity analysis and the acceleration spectrum due to the presence of the tunnel were evaluated as follows.
Sensitivity Analysis.
Sensitivity analysis was performed to identify the in uence of each input variable on the output parameters [39] . By analyzing the time history of the software Plaxis 2D, it was determined that the acceleration history of the key points of the model was dependent on the soil mechanical parameters such as friction angle (φ), cohesion (C), dilation angle (ψ), soil unit weight (c), and Poisson's ratio (υ). Changes in soil unit weight (c) have no signi cant e ect on maximum acceleration, and by reducing soil unit weight from 18 to 14 kN/m 3 , only 1% of the decrease in maximum ground acceleration is observed. By decreasing soil the unit weight from 18 to 16 kN/m 3 (12.5% reduction in soil unit weight), the 7% increase is seen in maximum acceleration. Due to an increase in soil unit weight from 18 to 20 kN/m 3 , an increase of about 11% in soil unit weight, about 3.5% increase in maximum acceleration of the ground's surface is observed.
Also, the e ect of friction angle (φ) and soil dilation angle (ψ) on the maximum acceleration from the center of the tunnel projection onto the ground surface was investigated. By reducing the friction angle of the soil from 35 to 20 degrees and the dilation angle from 5 degrees to zero, in other words, with a decrease of about 43% at the friction angle of the soil, about 26% decrease in the maximum acceleration of the ground's surface occurs. Also, by reducing the friction angle of the soil from 35 to 30, and the dilation angle, from 5 to zero degrees, in other words, decreasing about 14.5% at the friction angle of the soil, is observed about 13% decrease in the maximum acceleration of the ground's surface. In addition, the e ect of increasing the friction angle from 35 to 40 degrees on the maximum acceleration from > 5D > 5D D Free field Free field Table 2 . Shock and Vibration the center of the tunnel projection onto the ground surface was investigated. With an increase of 14.5% in the friction angle, the maximum acceleration from the center of the tunnel projection onto the ground surface increases by about 12.5%. e effect of increasing cohesion (C) from zero to 5 was also investigated. With an increase of 5 units in soil cohesion, the maximum acceleration of the ground's surface increases by 13%. e effect of increasing soil cohesion on the maximum acceleration of the ground's surface from zero to 10 was also investigated, and it was determined that this increase would increase the maximum acceleration of the ground's surface by 15.5%. Due to the fact that Poisson's ratio (υ) can be effective in accelerating the maximum ground surface, therefore, the effect of Poisson's ratio of soil on the maximum acceleration from the center of the tunnel projection onto the ground surface was investigated. By decreasing Poisson's ratio from 0.25 to 0.2, in other words, with a 25% decrease in Poisson's ratio of soil, the maximum acceleration of the ground's surface at the mentioned point is reduced by 5.85%. In addition, Poisson's ratio of soil increased from 0.25 to 0.3 to the original model of the Delhi subway. With a 20% increase in Poisson's ratio of soil, the acceleration of the maximum surface area increased by 5.89%. By examining the above, it is determined that the friction angle of the soil is the most important factor among all soil parameters in changing the maximum acceleration of the ground's surface.
Generating the Acceleration Spectrum.
e acceleration spectrum was obtained for the presence of a tunnel (SF) for the points in the distance of zero, 5.83, 10.50, 15.17, 26.83, 38.5, or 51.33 m from the center of the tunnel as projected onto the ground and was compared with the spectrum due to the absence of a tunnel, i.e., the free field (we call it FF). e results are presented in Figures 5-11 . ese graphs are plotted on the vertical axis for mean values (μ) and mean plus standard deviation (μ + σ) of the spectral acceleration log and the main period of the soil-tunnel system in Table 2 with units per second in the horizontal axis.
By comparing the spectral acceleration graphs without the presence of a tunnel and with the presence of a tunnel, it is observed that the presence of the tunnel causes oscillation and irregularities in the spectral acceleration. is is due to the interference of the waves into the tunnel and their refraction and reflection. At peaks, amplification of spectral acceleration due to the convergence of waves and in the valleys, there is an attenuation of spectral acceleration due to the divergence of waves. While the spectral acceleration diagram without a tunnel is smooth, it changes without severe oscillation due to the absence of a tunnel and the propagation of waves without dealing with obstacles such as tunnels. Figure 5 shows the comparison of the acceleration spectrum with the presence and absence of a tunnel for the tunnel center image on the ground surface. It is noticeable that the effect of the tunnel in most of the considered period is to reduce spectral acceleration compared to models without the presence of tunnels. But in some areas of the long period, the tunnel amplifies spectral acceleration than free-field models. Amplification of ground acceleration is observed at three points. e characteristics of these points are presented in Table 6 . e maximum acceleration spectrum from the center of the tunnel projection onto the ground surface for μ + σ and the mean of the data are, respectively, 5.902 and 4.657 m/s 2 . ey occur at a period of 1.267 seconds. e maximum amount of attenuation for spectral acceleration occurs in the image of the tunnel center on the ground surface. Its value is 15.3%, and it occurred in periods of 1.48 sec, which correspond to a tunnel model with a radius of 6, a thickness of 0.5, and a depth of 10 m and in soil with a modulus of elasticity of 1.75 times greater than that for the Delhi subway. Figure 6 presents the ground surface acceleration at a point 5.83 m from the center of the tunnel projection onto the ground surface. ree points were observed where the acceleration has amplified owing to the presence of a tunnel. e properties of these points are presented in Table 7 . e maximum acceleration spectrum in the presence of a tunnel (SF) for μ + σ and the average data was 6.24 and 4.852 m/s 2 , respectively, at 5.83 m from the center of the tunnel projection onto the ground surface. It occurred in 1.267 sec periods.
In Figure 7 , which provides acceleration spectrum of the ground's surface at a distance of 10.5 m from the center of the tunnel projection onto the ground surface, three points were seen where acceleration amplification occurred due to the presence of the tunnel. e characteristics of these points are presented in Table 8 . e maximum value of the acceleration spectrum in the presence of a tunnel for a distance of 10.5 m from the center of the tunnel projection onto the ground surface for μ + σ and the mean of the data was 6.094 and 4.78 m/s 2 , respectively. ey occur at a period of 1.274 seconds.
As the distance from the center of the tunnel projection onto the ground surface and the spectral acceleration values due to the presence of the tunnel and the absence of the tunnel are closer to each other; so, at a distance of 15.17 meters from the center of the tunnel projection, the presence of the tunnel has increased the spectral acceleration of the models with respect to without the presence of tunnels in more points and cannot ignore the effect of the presence of the tunnel. ere are ten points (for the SF model), which amplified acceleration at 15.17 m from the center of the tunnel projection, as a result of the presence of the tunnel, as shown in Figure 8 . e characteristics of these points are presented in Table 9 . e maximum value of the acceleration spectrum in the presence of a tunnel (SF) at 15.17 m from the center of the tunnel projection onto the ground surface, for the μ + σ and the average data, was 6.04 and 4.76 m/s 2 , respectively. ey occurred in periods of 1.27 and 1.261 sec. Figure 9 shows the ground surface acceleration at a point 26.83 m from the center of the tunnel projection onto the ground surface. Twenty-four points were observed where the acceleration has ampli ed due to the presence of a tunnel. e characteristics of these points are presented in Table 8 . e maximum amount of ampli cation of spectral acceleration occurs at a distance of 26.83 m from the center of the tunnel projection onto the ground surface. Its value is 11.47%, and occurred in period of 1.952 sec, which corresponds to a model with a tunnel radius of 6 m, thickness of 0.75 m, anddepth of 10 meters and on a soil with an elastic modulus equal to the Delhi subway. e maximum value of the acceleration spectrum in the presence of a tunnel for a distance of 26.83 meters from the center of the tunnel projection onto the ground surface for the μ + σ and the mean of the data was, respectively, 5.759 and 4.547 m/s 2 . ey occur at a period of 1.274 seconds. Figure 10 presents the ground surface acceleration at a point 38.5 m from the center of the tunnel projection onto the ground surface. Fourteen points were observed where the acceleration has ampli ed due to the presence of a tunnel. e maximum value of acceleration spectrum in the presence of a tunnel for a distance of 38.5 m from the center of the tunnel projection onto the ground surface for the μ + σ and the average data was 5.233 and 4.147 m/s 2 , respectively. ey occur at 1.24 sec periods. Figure 11 provides the ground surface acceleration at a distance of 51.33 m from the center of the tunnel projection onto the ground surface. Twenty-eight points are observed where the acceleration ampli cation occurred due to the presence of a tunnel. e maximum value of the acceleration spectrum in the presence of a tunnel for a distance of 51.33 m from the center of the tunnel projection onto the ground surface for the μ + σ and the average data was 3.818 and 3.014 m/s 2 , respectively. ey occur at a period of 1.307 and 1.24 sec.
As taking the distance from the center of the tunnel projection onto the ground surface, the number of points in which the acceleration ampli cation of the ground occurred due to the presence of the tunnel in them, increases. But after 26.83 meters, its di erence is negligible. So that the maximum acceleration ampli cation value of the SF model relative to FF is at 51.33 m from the tunnel center image of 6.4%.
As we can see, the use of ground surface acceleration spectra without the e ect of the tunnel presence does not seem to be a reliable method. us, the e ect of the presence of the tunnel, particularly at farther distances from the center of the tunnel projection onto the ground surface, is inevitable in computing the spectral acceleration. e curves are obtained by assuming the soil and structure interaction as well as the assumption of a exible foundation for the ground surface structure. erefore, for the period of the ground surface structures, an equivalent period which involves the e ects of substructure soil can be used. In NIST,[40] several relations have been suggested for the equivalent period of structure and soil below it. e maximum value of the acceleration spectrum in the presence of the tunnel for the di erent points of the tunnel center image is summarized in Table 10 . e absolute maximum of the acceleration spectrum in the presence of a tunnel (SF) between all curves is at 5.83 m from the center of the tunnel projection onto the ground surface. is value is 6.24 and 4.852 m/s 2 for μ + σ and the mean data, respectively, and occurs at period of 1.267 sec, which corresponds to a model with a tunnel radius of 3.13 m, a tunnel lining thickness 0.5 m, and a tunnel depth of 20 m in soil with a modulus of elasticity that is 2.5 times that of the Delhi subway. Figure 12 displays and compares the average spectral accelerations for models in the presence of a tunnel (SF) at distances of zero, 5.83, 10.50, 15.17, 26.83, 38.5, and 51.33 m from the center of the tunnel projection onto the ground surface. As these graphs show, the value of spectral acceleration at a 26.83 m distance from the center of the tunnel projection onto the ground surface was greater than the other points for a large range of the period under review.
is process, however, is reversible for the 51.33 m distance from the image of the tunnel center on the ground surface. e ratio of SF/FF (for the average of spectral accelerations) versus the increase in distance from the image of the tunnel center onto the ground surface is shown in Figure 13 . ese graphs were drawn for the points zero, 5.83, 10.50, 15.17, 26.83, 38.5, and 51.33 m from the center of the tunnel projection onto the ground surface. e models 10-14 of Table 2 were used in Figure 13 . In these models, the soil in which the tunnel is excavated is similar and its elastic modulus is 1.5 times the Delhi subway soil. It can be seen that in all models, the models are closed to each others after 38.5 meters. is process is independent of the radius, lining thickness, and the depth of the tunnel placement. But the e ect of the presence of the tunnel is still observed, and the SF/FF ratio is larger than one.
Conclusions
is study indicates that the acceleration of the ground surface depends on the presence of the tunnel at the distance of the point under consideration from the image of tunnel center. Just above the image of the tunnel center on the ground surface, the presence of the tunnel can be e ective at a small point in the range of a long period of ampli cation of the spectral acceleration, but in a wide range of long periods, it causes to decrease the spectral acceleration. With increasing distance from the center of the tunnel projection onto the ground surface, in long periods, ampli cation of spectral acceleration is observed due to the presence of a tunnel. In the distance of 51.33 meters from the tunnel center, the highest number of acceleration ampli cation is observed on the ground. In other words, the position of the points on the surface of the ground toward the tunnel e ected ampli cation or attenuation of the acceleration on the ground surface.
(i) Spectral acceleration of the ground surface due to the presence of the tunnel, except for a few exceptions, at a distance of 26.86 meters from the image of the center of the tunnel on the ground surface is larger than the rest of the studied points (zero, 5.83, 10.50, 15.17, 26.83, 38.5, and 51.33 m) in most of the studied range. (ii) For the models studied, the spectral accelerations of the ground surface converged to each other after 38.5 meters. is trend is independent of tunnel radius, the thickness of the coating, and the depth of the tunnel placement.
(iii) Acceleration ampli cation due to the presence of the tunnel strongly depends on the model used. In the distances of zero-15.17 m from the center of the tunnel projection onto the ground surface, amplication of the ground surface acceleration was primarily observed in most cases (16 out of 19 cases) at the 20 m depth. is is why such an overburden depth ampli es the acceleration at the ground surface. As the overburden depth increases, the waves interfere with the tunnel sooner and were disrupted because the waves propagated from the bottom of the model. At a distance of zero to 15.17 m from the image of the tunnel center onto the ground surface, 13 out of 19 ground ampli cation accelerates are related to a tunnel with a lower radius (3.13 meters). erefore, the tunnel properties contributed to the ampli cation of ground surface acceleration. For points with a distance of 26.83, 38.5, and 51.33 meters, the image of the tunnel center on the ground surface has been shown to amplify spectral acceleration due to the presence of a tunnel for most models. (iv) According to the present study, it is recommended that the horizontal component of the accelerated spectral modi cation of the ground surface be used to design new structures within a distance of zero to 50 meters from the tunnel center image of the ground. e presence of the tunnel causes an increase in the ground surface above 11% and a decrease above 15%. (v) is study showed that ampli cation in the acceleration spectrum due to the presence of a tunnel is highly dependent on the characteristics of the model under study. erefore, it is suggested that SSI analysis be performed by the presence of a tunnel. In the absence of accurate analysis, it is suggested that for con dence, the spectral acceleration be increased to 15%.
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